Background
==========

Breast carcinoma (BC) is the most common cancer among women, and responsible for substantial morbidity and mortality throughout the world \[[@b1-medscimonit-25-6855]\]. It is the most common cause of death in women, with more than 0.45 million deaths every year \[[@b2-medscimonit-25-6855]\]. Analysis of the literature shows that breast cancer accounts for about 13.5% of all cancer-associated deaths in women, with an increasing trend in frequency \[[@b3-medscimonit-25-6855]\]. The chief problems in the treatment of BC are delayed diagnosis, lack of dependable biomarkers and therapeutic targets, and inadequate availability of effective therapeutic drugs \[[@b4-medscimonit-25-6855],[@b5-medscimonit-25-6855]\]. Natural products have a clear advantage over synthetic drugs in that they lack the many serious adverse effects of the latter; therefore, natural products can be useful in the treatment of breast cancer \[[@b6-medscimonit-25-6855]\]. Plants produces a wide variety of secondary metabolites, including triterpenoids, alkaloids, xanthones, flavonoids, and withanolides. Plant natural products have been used since time immemorial for the treatment of many serious diseases, including cancer, and examples include Taxol, vincristine, vinblastine, and podophyllotoxin. The main characteristic feature of natural plant products is their ability to initiate apoptosis (programmed cell death) within cancer cells \[[@b7-medscimonit-25-6855],[@b8-medscimonit-25-6855]\].

Withaferin-A belongs to the steroidal lactone class of naturally occurring plant products, mainly extracted and isolated from *Withania somnifera*, which is commonly known as "ashwagandha", belonging to the Solanaceae family. It is the first-discovered member of a class of natural products with an ergostane-type carbon skeleton, known as withanolides. A wide variety of biological activities have been attributed to withaferin-A, including anticancer activities, immuno-enhancing activities, angiogenesis inhibition effects, cardioprotection, and suppressing cancer cell migration and invasion. Drug resistance in breast cancer is a growing challenge, and many published reports have demonstrated that various natural compounds can inhibit the activity of a membrane protein that is known to pump out anticancer drugs from cells. These compounds can also block specific enzymes that break down drugs, helping to remove of drugs from cells \[[@b9-medscimonit-25-6855],[@b10-medscimonit-25-6855]\]. The main purpose of the present study was to investigate the anticancer potential of withaferin-A in MDA-MB-231 drug-resistant breast carcinoma cells, as well as to assess its effects on cellular apoptosis and autophagy, endogenous ROS production, cell migration and invasion, and the Nf-κB/m-TOR signalling pathway.

Material and Methods
====================

Chemicals and other reagents
----------------------------

Withaferin-A was purchased from Sigma Aldrich. Plasticware used for cell culture experiments was procured from BD Biosciences. The RPMI-1640 and DMEM (Dulbecco's modified Eagle's medium) were acquired from HyClone (GE Healthcare, Chicago, IL, USA). Penicillin, streptomycin, and fetal bovine serum (FBS) were obtained from Tianjin HaoYang Biological Manufacture Co. (Tianjin, China). Anti-rabbit and anti-mouse secondary antibodies were procured from Cell Signaling Technology, Inc. (Danvers, MA, USA).

Cell culture conditions
-----------------------

The human breast carcinoma cell line MDA-MB-231 was from the Cancer Research Institute of Beijing (Beijing, China) and preserved in MEM medium (Invitrogen Life Technologies, MA, USA). The cell line was further complemented with 10% FBS (Invitrogen Life Technologies, MA, USA), 100 μg/ml streptomycin, and 100 U/ml penicillin G (Himedia, PA, USA) in an incubator at 37^○^C with 5% CO~2~.

Cell viability determination by CCK-8 and colony formation assays
-----------------------------------------------------------------

The cell viability of the human breast carcinoma cell line MDA-MB-231 was assessed by CCK-8 assay. MDA-MB-231 cells were seeded in a 96-well plate and were treated with increasing doses of withaferin-A (0, 3.06, 6.12, 12.5, 25, 50, and 100 μM) at a temperature of 37^○^C for 24 h. Afterwards, 20 μL of CCK-8 solution was added to the cell culture and incubated for 2 h in a humidified atmosphere with 5% CO~2~ and 95% O~2~ at 37°C. Optical density measurements at 450 nm wavelength, which is an indication of breast cancer cell viability, were taken using a microplate reader (BD Biosciences, San Jose, CA, USA). Cell morphology of the breast cancer cells after treatment was also examined by phase-contrast microscopy (Nikon Instruments, Inc., NY, USA). The effect of withaferin-A on the formation of human breast cancer cell colonies was assessed as described earlier \[[@b11-medscimonit-25-6855]\].

Transmission electron microscopy (TEM)
--------------------------------------

The MDA-MB-231 human breast cancer cells were subjected to treatment with 0, 6, 12, and 24 μM doses of withaferin-A. The cells were then subjected to fixation in a solution containing 3% glutaraldehyde (Sigma Aldrich) and 0.05 μM sodium cacodylate, and were then fixed in 1.5% osmium tetraoxide (OsO4) (Sigma Aldrich) and then dehydrated in alcohol. The MDA-MB-231 human breast cancer cells were then prepared for flat embedding using Epon 812. The cells were finally assessed under an electron microscope (Zeiss CEM 902) (Nikon Instruments Inc., NY, USA).

Western blot analysis
---------------------

The protein content of cell lysate was measured by bicinchoninic acid assay (BCA) after the lysis of the MDA-MB-231 human breast cancer cells was carried out in RIPA lysis buffer (Invitrogen Life Technologies, MA, USA). SDS-PAGE was used for loading of the samples and the gels were then transported to nitrocellulose membranes. Afterwards, the samples were treated with different primary antibodies for 24 h at 4°C. Following this, the membranes were incubated with HRP-conjugated secondary antibody (1: 1000) at 25°C for 60 min. Finally, the membranes were treated with enhanced chemiluminescence reagent and the signal was detected using the Odyssey Infrared Imaging System. Actin was used as a control for normalization.

DAPI (4′,6-diamidino-2-phenylindole) and annexin V/PI staining
--------------------------------------------------------------

Using a cell density of 0.6×10^6^, MDA-MB-231 human breast cancer cells were cultured in 6-well plates. Following an incubation period of approximately 24 h, the MDA-MB-231 cells were exposed to increasing doses (0, 6, 12, and 24 μM) of withaferin-A for 24 h at 37°C. After sloughing off the cells, 50-μL cell cultures were subjected to DAPI staining on glass slides. After covering the glass slides with cover slips, the cells were analyzed under a fluorescent microscope (Nikon Instruments, Inc., NY, USA). For determining percentage of apoptotic cells, Annexin V/PI staining assay using a FACSCalibur flow cytometry (BD Biosciences, NY, USA) was carried out using a previously reported method \[[@b12-medscimonit-25-6855]\].

Wound healing assay
-------------------

Following withaferin-A treatment (0, 6, 12, and 24 μM) of MDA-MB-231 cells, the medium was taken out and the cancer cells were then washed twice with PBS. A sterile pipette tip was used to scratch a wound in each well, then the cells were washed again and photographed. The cells on plates were cultured for 24 h and photographed again using an inverted microscope (Leica, Germany).

*In vivo* study
---------------

Using a xenografted mouse models, the antitumor potential of withaferin-A was assessed *in vivo*. The 3-week-old male BALB/c nude mice were kept in the animal facility as per the directions and standards provided by the National Institutes of Health for the maintenance and use of the laboratory animals. We subcutaneously injected 5×10^5^ MDA-MB-231 cells into the left flanks of the mice. On the first day of the experiment, DMSO (0.1%)-dissolved withaferin-A diluted with 100 μL normal saline at 5, 10, and 20 mg/kg body weight was injected intraperitoneally into mice (n=5) in each group. Subsequently, withaferin-A was administered to the mice 3 times a week, while DMSO (0.1%) in normal saline only was administered to the control mice. At the end of 6 weeks, the mice were sacrificed and tumors were removed for further analysis.

Statistical analysis
--------------------

The experiments were performed 3 times. The values presented are means of 3 repeats ±SD. \* p\<0.05, \*\* p\<0.01 and \*\* p\<0.001 were considered statistically significant. The *t* test was performed for statistical analysis using GraphPad Prism 7 software.

Results
=======

Withaferin-A suppresses the growth of MDA-MB-231 breast cancer cells
--------------------------------------------------------------------

The CCK-8 assay was used to evaluate the effects of withaferin-A ([Figure 1A](#f1-medscimonit-25-6855){ref-type="fig"}) on the growth of MDA-MB-231 cancer cells at increasing doses. Withaferin-A caused a significant decrease in the proliferation rate of the MDA-MB-231 cells. The effects of withaferin-A on the proliferation rate of the breast cancer cells were concentration-dependent, and the IC~50~ of 12 μM was determined for this molecule against the cancer cells ([Figure 1B](#f1-medscimonit-25-6855){ref-type="fig"}). Similarly, [Figure 2](#f2-medscimonit-25-6855){ref-type="fig"} shows the effect of withaferin-A on the cell colony formation potential of MDA-MB-231 human breast cancer cells, showing that the molecule significantly affected the colony formation ability of these cancer cells.

Withaferin-A induces dose-dependent autophagy in MDA-MB-231 human breast cancer cells
-------------------------------------------------------------------------------------

The autophagic effect of withaferin-A on the MDA-MB-231 cancer cells was investigated by transmission electron microscopy (TEM). The results revealed that withaferin-A initiates the production of autophagosomes ([Figure 3](#f3-medscimonit-25-6855){ref-type="fig"}) in the MDA-MB-231 cancer cells, indicating that the molecule can induce autophagy. Further, for the confirmation of autophagy, the expression of autophagy-related proteins was investigated, showing that withaferin-A caused an increase of Beclin-1 and LC3-II and suppression of p62 expression. However, no effects were found on the expression of LC3-I ([Figure 4](#f4-medscimonit-25-6855){ref-type="fig"}). The development of the autophagic vacuoles was observed after drug treatment ([Figure 3](#f3-medscimonit-25-6855){ref-type="fig"})

Withaferin-A induces apoptosis in MDA-MB-231 breast cancer cells
----------------------------------------------------------------

To determine whether the anti-proliferative effects exerted by withaferin-A on the MDA-MB-231 human breast cancer cells are mediated via the induction of apoptotic cell death, DAPI and annexin V/PI staining assays were performed, showing that the percentage of DAPI-positive cells increased significantly, similar to the apoptosis in MDA-MB-231 breast cancer cells ([Figure 5](#f5-medscimonit-25-6855){ref-type="fig"}). Annexin V/PI staining showed that the breast cancer cell percentage increased in a concentration-dependent manner. The apoptosis percentage increased significantly as the dose of the withaferin-A drug was increased from 0 to 6, 12, and 24 μM ([Figure 6](#f6-medscimonit-25-6855){ref-type="fig"}). Further, for the validation of apoptosis, the expression of apoptosis-associated proteins was examined, showing that withaferin-A caused an increase in Bax and decrease in Bcl-2 in MDA-MB-231 cells ([Figure 7](#f7-medscimonit-25-6855){ref-type="fig"}). These 3 assays (fluorescence microscopy, flow cytometry, and Western blot analysis) clearly showed that withaferin-A induces apoptosis in MDA-MB-231 human breast cancer cells.

Withaferin-A causes inhibition of MDA-MB-231 cell migration
-----------------------------------------------------------

The*in vitro* wound healing assay was performed to evaluate whether withaferin-A suppresses the cell migration of human breast cancer cells. The wound healing experiment carried out at various doses of withaferin-A showed that migration of MDA-MB-231 cells was decreased, as evident from the wound width ([Figure 8](#f8-medscimonit-25-6855){ref-type="fig"}). This result indicates that withaferin-A can stop metastasis of these drug-resistant cancer cells under *in vitro* conditions.

Withaferin-A inhibits tumor growth *in vivo*
--------------------------------------------

Since withaferin-A was shown to exert significant anticancer effects on MDA-MB-231 human breast cancer cell lines *in vitro*, we also examined the anticancer effects of this molecule *in vivo* in a xenografted mouse models. The results indicated that withaferin-A at the dosage of 20 mg/kg significantly suppressed the growth of the xenografted tumors. Further, withaferin-A inhibited the tumor weight and volume in a dose-dependent manner ([Figure 9A, 9B](#f9-medscimonit-25-6855){ref-type="fig"}).

Withaferin-A inhibits the Nf-κB signalling pathway
--------------------------------------------------

We also assessed the effects of withaferin-A on the Nf-κB signalling pathway of MDA-MB-231 human breast cancer cells. We found that withaferin-A caused a significant drop in the expression of Nf-κB, and these inhibitory effects of withaferin-A exhibited a dose-dependent trend ([Figure 10](#f10-medscimonit-25-6855){ref-type="fig"}).

Discussion
==========

Breast carcinoma (BC) is the most commonly diagnosed cancer among women, and is responsible for substantial morbidity and mortality throughout the world. In women, it is the most common cause of death, with more than 0.45 million deaths every year \[[@b1-medscimonit-25-6855],[@b2-medscimonit-25-6855]\]. Treatment of cancer includes many approaches, including surgical resection, radiotherapy, and chemotherapy, as well as therapy using lasers, depending on the type of tumor and its stage \[[@b13-medscimonit-25-6855]\]. Out of these treatment options, chemotherapy, is still the most promising option for treating cancer. However, chemotherapy treatment fails in 90% of cases, and this failure usually occurs during invasion and metastasis of the cancer. Additionally, after administering a particular anticancer drug for a prolonged time, many cancer cells within the patient's body become resistant to the anticancer drug, which further complicates cancer treatment \[[@b14-medscimonit-25-6855]\]. Drug resistance is a growing problem in the field of cancer chemotherapy, and there is a pressing need to find alternative anticancer drugs which can avert drug resistance acquired by cancer cells. In the present study, we investigated the anticancer effects of withaferin-A, which is a plant withanolide previously shown to have significant anticancer activity. A previous study showed that withaferin-A inhibits the survival of several human and murine B cell lymphoma cell lines \[[@b15-medscimonit-25-6855]\]. Regarding its *in vivo* anticancer effects, it has been reported that withaferin-A administration suppressed the growth of Ehrlich ascites cancer in more than 50% of the treated mice. In another study, the authors reported that a single injected dose of 30 mg withaferin-A/kg body weight significantly prolonged the survival of S-180 ascites-bearing mice \[[@b16-medscimonit-25-6855],[@b17-medscimonit-25-6855]\]. It has also been reported that withaferin-A causes radiation sensitization in Ehrlich ascites carcinoma-bearing mice, and similar growth inhibition and radiosensitization effects induced by withaferin-A in B16F1 mouse melanoma and fibrosarcoma have been reported \[[@b18-medscimonit-25-6855],[@b19-medscimonit-25-6855]\].

The fact that withaferin-A induces apoptosis has been reported previously by many studies. It has been reported to induce apoptosis under both *in vitro* and *in vivo* conditions in a number of tumor types, including breast cancer, cervical cancer, leukemia, melanoma, kidney cancer, prostate cancer, and many other cancers \[[@b20-medscimonit-25-6855]--[@b22-medscimonit-25-6855]\]. Multidrug-resistant breast cancer is a very complicated clinical disease which arises from a wide range of molecular changes, especially changes in the PI3K/AKT signalling pathway. Drug resistance in breast cancer is a growing problem, and this drug resistance can occur in at least a one-quarter of all cases. The incidence of breast cancer drug resistance to anticancer drugs increases with disease progression \[[@b23-medscimonit-25-6855]--[@b27-medscimonit-25-6855]\].

In the present study, withaferin-A was shown to inhibit growth of MDA-MB-231 human breast cancer cells and to inhibit its cell colony formation ability. Further, it was shown by transmission electron microscopy in combination with Western blot analysis that withaferin-A induces autophagy in these MDA-MB-231 drug-resistant breast cancer cells. Also, using fluorescence microscopy with DAPI staining and flow cytometry, we showed that withaferin-A not only induces autophagy, but could also induces apoptosis in these cancer cells. The apoptotic results were further confirmed by Western blot analysis, which showed that withaferin-A increased Bax expression and decreased Bcl-2 expression, in a dose-dependent manner. Effects on cell migration were assessed by wound healing assay, showing that withaferin-A can inhibit MDA-MB-231 cancer cell migration. Finally, *in vivo* results showed that withaferin-A not only shows *in vitro* anticancer effects, but also has significant *in vivo* anticancer activity, inhibiting both tumor mass and volume in a dose-dependent manner.

Conclusions
===========

Withaferin-A is a potential and promising drug candidate for breast cancer management as shown by the results of the present study, indicating that withaferin-A induces autophagy and apoptosis, inhibits cell migration, and suppresses *in vivo* tumor growth in a xenografted mouse model.
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![(**A**) Chemical structure of withaferin-A. (**B**) Impact of withaferin-A on the viability of the human breast cancer (MDA-MB-231) cells as determined by CCK8 assay. The experiment was performed 3 times and results are presented as mean ±SD (\* P\<0.01).](medscimonit-25-6855-g001){#f1-medscimonit-25-6855}

![Effects of withaferin-A on cancer cell colony formation in MDA-MB-231 human breast cancer cells. The experiment was performed 3 times.](medscimonit-25-6855-g002){#f2-medscimonit-25-6855}

![Electron microscopy images of withaferin-A-treated MDA-MB-231 cells showing formation of autophagosomes, thus indicating induction of autophagy. The experiment was performed 3 times.](medscimonit-25-6855-g003){#f3-medscimonit-25-6855}

![Effect of withaferin-A on autophagy-related protein expression as revealed by Western blot analysis. The experiment was performed 3 times.](medscimonit-25-6855-g004){#f4-medscimonit-25-6855}

![DAPI assay showing induction of apoptosis in MDA-MB-231 cells at indicated concentrations of withaferin-A. The experiment was performed 3 times.](medscimonit-25-6855-g005){#f5-medscimonit-25-6855}

![Annexin V/PI assay showing percentage of apoptotic MDA-MB-231 cells at indicated concentrations of withaferin-A. The experiment was performed 3 times.](medscimonit-25-6855-g006){#f6-medscimonit-25-6855}

![Withaferin-A led to change in the expression of Bax and Bcl-2 as demonstrated by Western blot assay. The experiment was performed 3 times.](medscimonit-25-6855-g007){#f7-medscimonit-25-6855}

![Cell migration in MDA-MB-231 human breast cancer cells is inhibited by withaferin-A in a dose-dependent manner. The experiment was performed 3 times.](medscimonit-25-6855-g008){#f8-medscimonit-25-6855}

![Impact of withaferin-A on xenografted tumor growth. (**A**) Tumor volume. (**B**) Tumor weight. The results are shown as mean ±SD (\* p\<0.01) and the experiment was performed 3 times.](medscimonit-25-6855-g009){#f9-medscimonit-25-6855}

![Western blot analysis showing concentration-dependent inhibition of the Nf-κB/m-TOR expression in human breast cancer cells upon treatment with varied concentrations of withaferin-A. The results are depicted as mean ±SD (\* p\<0.01) and the experiment was performed 3 times.](medscimonit-25-6855-g010){#f10-medscimonit-25-6855}
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